Abstract Excited states masses of the strange singly charmed baryons are calculated using the non-relativistic approach of hypercentral Constituent Quark Model (hCQM). The hyper-Coulomb plus screened potential is used as a confinement potential with the first order correction. The spin-spin, spinorbit and spin-tensor interaction terms are included perturbatively. Our calculated masses are allowed to construct the Regge trajectories in both (n r , M 2 ) and (J, M 2 ) planes. The mass spectra and the Regge trajectories study predict the spin-parity of Ξ c (2970)
Introduction
The strange singly charmed baryons Ξ c and Ω in Table 1 ) [1] . The masses, isospin mass splitting, spin-parity, decay widths, lifetime etc. of these baryons were measured by the ARGUS, CLEO, E687, FOCUS, BABAR, Belle, CDF and LHCb experimental Collaborations. The comprehensive review articles wrote a detailed informations on singly charmed baryons [2, 3, 4] . Moreover, the present experimental facilities Belle II, LHCb, J-PARC and the upcoming experiment PANDA [5, 6, 7, 8, 9, 10] are expected to study singly heavy hadrons in the near future.
Experimentally, the ground state mass spectra of strange singly charmed baryons are now well established and many new excited states were found in the past few years. The BABAR detector measured the mass and the decay width of Ξ c (2930) [11] . Ref. [12] observed two new resonances Ξ c (3055) + and Ξ c (3123) + decaying into Σ c (2455) ++ K − and Σ c (2520) ++ K − final states respectively. These were also seen by the Belle Collaboration [13] . Two isodoublet baryonic states of Ξ c (2970) and Ξ c (3080) have been measured by BABAR [12] and the Belle [14, 15] Collaborations. In 2017, the LHCb Collaboration [16] observed the five new narrow resonances Ω c (3000) 0 , Ω c (3050) 0 , Ω c (3066) 0 , Ω c (3090) 0 and Ω c (3119) 0 decaying into Ξ + c K − . The spin-parity of these excited strange charmed baryons are not confirmed yet, as shown in Table 1 .
The J P value assignment of the heavy-light hadrons is very crucial, because can help to probe their properties as: form factors, decay widths, branching fractions, hyperfine splittings etc.. That allows to look back to the theory and the phenomenological study. In Ref. [17] the authors solved light quark clusterheavy quark picture with the help of the Cornell potential in the framework of non-relativistic constitute quark model. They calculate the masses of radial excited states 2S and 3S as well the orbital excited states 1P, 2P and 1D of charmed (Λ + c , Σ c ) and charmed-strange (Ξ c , Ξ [18, 19] used non-relativistic approach of hypercentral Constituent Quark Model (hCQM) and calculate the excited state masses of singly charmed baryons. The hyper-Coulomb potential with linear potential of power index ν, varying from 0.5 to 2.0, is used as a long range spin-independent potential. The mass spectra of isodoublet Ξ c baryons are calculated separately by considering an unequal u and d quarks masses. Ref. [20] solved the three-body bound state problems using Gaussian expansion method in the non-relativistic framework of a constituent quark model. The harmonic oscillator potential is used as a scalar confinement potential. Choosing an equal u and d quarks masses the excited state mass spectra of Λ + c , Σ c and Ω 0 c baryons are calculated in the two different excited modes, say λ and ρ. The non-relativistic Hamiltonian quark model inspired by Isgur and Karl model calculates the masses of baryons containing one, two and three heavy flavor quarks in Ref. [21] with equal u and d quarks masses. Additionally, they introduced the Heavy Quark Effective Theory (HQET) that predicts the degeneracy in baryonic multiplets containing a single heavy quark in terms of quark model quantum numbers. D. Ebert et al. [22, 23] calculated the mass spectra of heavy baryons in the Quantum Chromodynamics (QCD) motivated relativistic heavy-quark-light-diquark model. Ref. [24] derived a mass formula analytically for the excited heavy-light hadrons within the framework of relativistic flux tube model, where the heavy quarklight diquark picture is considered. Such formula is applied to determine the masses of Λ Q and Ξ Q (Q = c/b) baryons. The authors of Ref. [25] obtained the masses of one heavy quark baryons in the heavy quark limit. H.-X. Chen et al. [26] studied the mass spectra of P −wave charmed baryons using the QCD sum rule in the framework of HQET. Ref. [27] used Faddeev method and solved the three-quark problem in momentum space and calculated the masses of singly, doubly and triply heavy baryons. Ref. [28] derived some useful mass relations for hadrons using quasilinear Regge trajectory ansatz and make a J P assignments of Ξ c (2980), Ξ c (3055), Ξ c (3077) and Ξ c (3123) baryons. Ref. [29] determined the ground state and the first excited state masses of singly and doubly charmed baryons of spin 1/2 and 3/2 with positive and negative parity. N. Mathur et al. [30] used quenched lattice non-relativistic QCD approach and computed the mass spectrum of charmed and bottom baryons.
The strange singly charmed baryons contain one charm quark (c), one strange quark (s) and one light quark (u, d and s) out of these three quarks.
This provides an excellent ground for testing the heavy quark symmetry of the heavy quark and the chiral symmetry of the light quarks in a low energy regime. The strong decay of singly charmed baryons were conveniently studied in the framework of Heavy Hadron Chiral Perturbation Theory (HHChPT) by which the heavy quark symmetry and the chiral symmetry are incorporated. The chiral Lagrangians corresponding to the strong decay of singly charmed baryons were constructed in the Refs. [31, 32, 33] for the S, P and D-wave transitions. The electromagnetic or weak decays of singly charmed baryons are not well established and their evidences are not found experimentally yet. Several approaches are used for computing the properties of singly charmed baryons: heavy baryon chiral perturbation theory (HBChPT) [34, 35, 36] , SU (3) chiral quark-soliton model [37] , pion mean-field approach [38] , chiral structure model [39] , covariant chiral perturbation theory [40] , large N c limit [41] , chiral quark model [42] , non-relativistic constituent quark model [43, 44, 45, 46] , lattice QCD [47, 48] , the bag model [49] , light-cone QCD sum rule [50, 51] , SU (4) chiral constituent quark model (χCQM) [52] , relativistic constituent quark model [53, 54] , light front quark model [55] , the 3 P 0 model [56] and others.
Our effort is to calculate the radial (2S-6S) and the orbital (1P -5P , 1D-5D, 1F -4F , 1G-3G and 1H-2H) excited states masses of strange singly charmed baryons, for orbital quantum number L = 0, 1, 2, 3, 4, 5, in the framework of non-relativistic hypercentral Constituent Quark Model (hCQM). The vector Coulomb potential with an additional screening component is used as a scalar confinement potential with the first order correction to give relativistic effect of order O(1/m). Such calculated masses are allowed to construct the Regge trajectories in (n r , M 2 ) and (J, M 2 ) planes.
This paper is organized as follows. The hCQM and the potential model is described in brief in section 2. We discuss the mass spectra and construct the Regge trajectories in section 3. The strong one pion decay rates of the isodoublet Ξ c (2645), Ξ c (2790) and Ξ c (2815) baryons are determined separately by using their masses obtained in the present study and PDG-2018, and the properties like magnetic moments and the radiative decay widths of the ground state strange charmed baryons are presented in section 4. In the last section 5 we summarize our present work.
Methodology
Usually the relativistic and the non-relativistic treatments of quantum mechanics are used to study the spectroscopy of heavy and light flavored hadrons. Especially when dealing with a three quarks system (baryon), the problem is become more challenging. To describe the relative motion of the constituent quarks inside the baryon the Jacobi coordinates (ρ and λ) are used. Which are given by [57, 58] , 
where r i and m i (i = 1, 2, 3) denote the spatial and the mass coordinate of the i−th constitute quark. We use hypercentral Constituent Quark Model (hCQM), which is well established for the study of light, heavy-light and heavy flavored baryons [18, 59, 60, 61, 62] . In hCQM, the Hamiltonian for a baryonic system is, 
where x = (ρ, λ) is the radial hypercentral coordinate of the three quarks system written in a six-dimensional space and the hyperangle ξ = arctan
gives the reduced mass of the three quarks [57] . The reduced mass m ρ and m λ corresponding to the Jacobi coordinates ρ and λ are,
Here, m 1 , m 2 and m 3 are the constituent quark masses. The isodoublet of the Ξ c baryons has a different quark constitution: Ξ The potential V (x) appearing into the Eq. (2) is the non-relativistic hypercentral potential and is divided into spin independent V SI (x) and spin dependent V SD (x) part of the potential. We introduce V SI (x) as,
Here, the first order correction
is written in the form of Casimir charges, with C F = 2 3 and C A = 3 in the fundamental and adjoint representation respectively [63] . The vector (Coulomb) potential is,
and it gives the interaction between quarks in a baryonic system. α s is the strong running coupling constant and is,
Here, we take α s (µ 0 = 1GeV ) = 0.6 and n f = 3 gives the number of active quark flavors contributing in quark-gloun loops. We choose a screened potential as a scalar (confining) potential,
where a(≈ 0.1) is the string tension and µ = 0.04 GeV is the flavor independent parameter called screening factor. Using a, µ(= 0.04 GeV) and quark masses, we fix the ground state (1S) mass of these baryons to the known experimental value (PDG) [1] . If the value of µ = 0.04 GeV is change by ± 10% the changes in the masses of 2S, 3S, 4S, 5S and 6S states are about 0.30%, 0.53%, 0.75%, 0.93% and 1.1% respectively. For
Using these parameters we compute the spin-averaged mass of the strange singly charmed baryons. In order to calculate the masses of nL with different J values the spin dependent potential V SD (x) is employed [65, 66, 67] ,
The spin-spin interaction V SS (x) gives a hyperfine mass splitting, and the spinorbit V γS (x) and spin-tensor V T (x) interaction terms gives a fine structure of the given baryonic states (for details see Ref. [18] ).
The six-dimensional hyperradial Schrödinger equation is,
solves numerically using mathematica notebook [68] . φ γ (x) is the hypercentral radial function and E B gives the binding energy of the baryonic states. Our computed mass spectra of strange singly charmed baryons are presented in Tables 2-5 . We discussed them into the next section.
Mass Spectra and Regge Trajectories
The mass spectrum of strange singly charmed baryons are calculated in the non-relativistic framework of hypercentral Constituent Quark Model (hCQM). The screened potential is used as a scalar potential with the first order correction. Our calculated masses of the radial excited states (2S-6S) are presented in Table 2 and the orbital excited states (1P -5P , 1D-5D, 1F -4F , 1G-3G and, 1H and 2H) are listed in Tables 3-5 . Our results are compared with other theoretical predictions and the experimental observations where available. The obtained masses are used to draw Regge trajectories in the (n r , M 2 ) and (J, M 2 ) planes. They are used to determine the possible quantum number of the particular hadronic states [28] . The S-states with J P = 
where n r = n − 1 and, β and β 0 are the fitted slopes and the intercepts respectively. In the (J, M 2 ) plane, the Regge trajectories are plotted with natural P = (−1) J− 6 plotted in the (n r , M 2 ) and (J, M 2 ) planes using the above equations. On the Regge line our calculated masses are presented and the available experimental observations are indicated by a cross sign with a possible quantum number. 
. In the present study, the isospin mass splittings are positive, i.e. Ξ Table   2 ). The BABAR Collaboration [12] reported a state Ξ c (3123) + of mass 3.1229 ± 0.0013(stat) ± 0.0003(syst) GeV. This is exactly matched by our prediction of the second orbital excitation of Ξ + , our predictions are larger than Refs. [17, 22, 23, 25, 27] . For the P and D-states, our results are accordance with the predictions of Refs. [17, 22, 23, 24] . And for 1F to 4F , 1G-2G and 1H states our predictions are larger than Ref. [22] by mass differences between 77 MeV and 262 MeV (see in Table 3 ). For the isodoublet Ξ c baryons our results are in accordance with the predictions of Z. Shah et al. [18] . The other theoretical and phenomenological studies consider same light quark masses, so here our predictions are compared only with Ξ 0 c baryon. Our calculated masses of the radial excited states of Ξ + c baryon are presented in Table 2 and their orbital excited states are listed in Table 4 
We calculate the masses of radial and orbital excited states of Ω 0 c baryon. For that, first we fit their ground state masses from Ref. [1] . The LHCb [16] and the Belle Collaboration [72] reported a state Ω c (3000) 0 . The PDG [1] confirmed its world average mass, 3.00041 ± 0.00022 GeV. This state is close to our prediction 2.976 GeV of 1P -state of J P =
2
− with spin S = 1 2 (see in Table 5 ). Also, they report a state Ω c (3119)
0 measured with the mass 3.1191 ± 0.0003(stat) ± 0.0009
+0.0003
−0.0005 (syst) GeV [16] . Such a state might be 2S-state with J P = 1 2 + (see in Table 2 ). For the radial excited states of Ω Refs. [21, 22] . And, for the orbital excitations of 1P to 4P , 1D-2D, 1F and 1G states, our results are in accordance with the predictions of Refs. [20, 21, 22, 23, 25, 26, 27] . In the Ω 0 c baryon mass spectrum, the screening effect contributes to predictions of lower masses of the excited radial and orbital states with respect to the results obtained by Z. Shah et al. [18] using the linear potential. + . In Table 6 The strong decay widths (in MeV) of Ξc baryons. 
Properties

Strong Decays
The study of heavy-light flavored baryons provides an excellent base to update the understanding of heavy quark symmetry of the heavy quark and the SU(3) chiral symmetry of the light quark. As we stated into the introduction the Heavy Hadron Chiral Perturbation Theory (HHChPT) describe a chiral Lagrangian in which both the symmetries are incorporated. Such a Lagrangian derived an expression of the partial decay rates (see Refs. [31, 32, 33] ) containing a strong couplings: g 1 and g 2 for the P -wave transitions and h 2 to h 7 for the S-wave transitions. And, the pion decay constant f π = 130.2 MeV is taken from PDG-2018 [1] .
The strong decays of Ξ c (2645) + and Ξ c (2645) 0 are governed by the coupling g 2 . In our previous work [73] , we extract g 2 from the decays: Σ c (2455 Expression of the strong decay rates of an isodoublet of Ξ c (2645), Ξ c (2790) and Ξ c (2815) are taken from the Refs. [31, 32, 33] . The masses of these states obtained in the present study and from the PDG-2018 [1] are used to calculate their strong decay rates separately. They are listed into the third and the fourth column of the Table 6 . Here, in both the cases of masses we employed the same couplings | g 2 | = 0.550
+0.013
−0.027 and h 2 = 0.60 ± 0.07. Our results HHChPT(2019) with PDG-2018 [1] update the strong decay rates of these baryonic states. Our calculated decay widths of isodoublet Ξ c (2645) are in agreement with HHChPT(2015) [4] , HHChPT(2007) [32] and the recent observations of Belle Collaboration [69] . The decay widths of an isodoublet states of Ξ c (2790) are smaller and for an isodoublet Ξ c (2815) our results are larger with respect to Refs. [4, 32, 69] . Such a differences are because of the selection of couplings the Ref. [32] 
Magnetic Moments
To improve our understanding of the inner structure and geometrical shape of the hadrons the study of electromagnetic properties is an essential key. The magnetic moment of the hadron is precisely a function of its structure and of its parameters such as spin, flavor, charge and the effective masses of the bound quarks. It's expression can be written in the form of expectation value as [43, 44] ,
Here, the µ B and the Φ sf denotes the magnetic moment and the spin-flavor wave function of the participating baryon. Theμ qz is the z-component of the magnetic moment operator of the individual quark given by,
where e q is the charge and σ qz is the z-component of the constituent quark spin. The m ef f q is the effective quark mass and is,
Eq. 15 gives the mass of the bound quark inside the baryons by taking into account its binding interactions with other two quarks. The Hamiltonian H is obtained by taking the mass difference of the measured or predicted baryon mass M with the sum of the masses of the three constituent quarks For example: in order to determine the magnetic moment of Ω 0 c baryon we write the Eq. 13 as,
here the spin-flavor wave function (Φ sf ) of Ω 0 c baryon is obtained by taking a combination of flavor and spin part wave function as,
Therefore, the Eq. 16 will be 
and this gives the quark model prediction for the ground state magnetic moment of the Ω 0 c baryon as,
In the same way, we also determine an expression of the magnetic moment of the other strange singly charmed baryons, as reported in Table 7 . Using the constituent quark masses from section 2 and the masses of the strange singly charmed baryons from Table 2 for
+ , we calculate their magnetic moment and compare them with other theoretical predictions, as reported in Table 7 .
Radiative Decays
Electromagnetic transition strength of the singly charmed baryons is weaker and has not a phase space restriction than that of the pion transitions in the strong decay [4] . But some radiative decay modes contribute significantly to the total branching fractions of the singly charmed baryon. The radiative decay width can be expressed in terms of the radiative transition magnetic moments (µ B ′ C →Bc ) in µ N and photon energy (k) as discussed in [43, 44] ,
Using these radiative transition magnetic moments, the radiative decay widths are calculated (in keV). Our results are listed in Table 8 and compared with other theoretical predictions.
Summary
In the present study, the excited state masses of the strange singly charmed baryons are calculated in the non-relativistic framework of hypercentral Constituent Quark Model (hCQM). A screened potential is used as a confining potential with the first order correction to see the relativistic effect in the heavy-light baryonic systems. Our results are listed in Tables 2-5 • Ω −0.027 extract in our previous work [73] by using the masses from PDG-2018 [1] and h 2 = 0.60 ± 0.07 was taken from the CDF Collaboration [74] . Hence, using these couplings and the baryons masses from PDG-2018 [1] we update the values of their strong decay rates. Moreover, the magnetic moments and the transition magnetic moments of the ground state of strange singly charmed baryons are calculated in the constituent quark model. The radiative decay rates based on the transition magnetic moments are determined. Our results of magnetic moments and the radiative decay rates are compatible with other theoretical predictions.
The obtained mass spectra of strange singly charmed baryons are used for the study of their Regge trajectories, strong decays, magnetic moments, transition magnetic moments and radiative decay widths. This study will help experimentalists as well as theoreticians to understand the dynamics of strange singly charmed baryons. So we foresee to extend this scheme for the calculations of the strange and non strange singly bottom baryons.
